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INTRODUCTION
Concerns over the cultivation of Genetically Modified (GM) cultivars can be divided into several broad categories.  These range from health hazards arising from exposure to the transgenic protein (Kaeppler, 2000; Lack 2002) through to economic damage caused by the inadvertent movement of transgenes to non-GM crops (Rieger et al. 2002). Most attention, however, has centred on the possibility of unwanted ecological change (for review see Dale et al. 2002).   Detrimental change to the structure of natural communities could be caused by invasion of the GM crop into wild habitats (Crawley et al. 2001), by horizontal transgene recruitment into micro-organisms (Landis et al., 2000), by changed farm practice or by gene flow to wild relatives of the GM crop (Fig. 1). The last of these scenarios has generated intense debate and is the focus of this chapter.

Fig. 1. Scheme depicting major areas of concern arising from the commercial cultivation of Genetically Modified crops

Most food crops have wild or weedy relatives with which they can hybridise (Ellstrand et al., 1999).  The consequences arising from such genetic exchanges are largely dependant upon context. For example, gene flow into a weedy population may alter on-farm community structure but these communities are typically fairly simple and contain relatively few species of high conservational importance, especially under high intensity farming systems. It is also worth noting that the agricultural environment is subject to a continually changing and strict farm management. Profound or dramatic management changes could mask, over-ride or even reverse the capacity of a transgene to shape on-farm community structure. In this instance, therefore, greatest impact would most probably be economic in nature and derive from the changed abundance of weeds and/or pests.  In contrast, the recruitment of transgenes by wild relatives that occupy semi-natural or natural habitats presents an increased challenge for risk evaluation since these communities are more likely to be complex and highly sensitive to change.  The transgene could impact on the recipient wild relative by changing its fitness and thereby affecting its abundance and also those of competing and dependent organisms.  Alternatively, the transgene could free the recipient of a constraining factor (e.g. sensitivity to drought) and so allow its invasion of new habitats.  For these reasons, we have focussed attention on the possible impacts of transgene gene movement into natural or semi-natural habitats.

ASSESSING THE RISK OF UNWANTED ENVIRONMENTAL CHANGE
Risk is often defined by the formula: Risk = ƒ (hazard, exposure). When attempting to evaluate the risks of an undesirable change to the environment (hazard), it is important to define the hazard in terms that can be measured.  The phrase ‘unwanted change’ is completely inadequate in this sense as it is open to several interpretations.  A more appropriate example would be to define the hazard as ‘transgene movement between crop and wild relative ultimately causing the extinction of a named parasite from a prescribed geographic area’.  Once a hazard has been adequately defined, the next task is to estimate the likelihood of its occurrence (i.e. measure the exposure). Clearly in this case, the relationship between the GM crop and the hazard is not direct.  Moreover, a number of prerequisite events must occur before the parasite becomes extinct.  These events can be assembled into an exposure pathway (Fig. 2) (Wilkinson et al. 2003). The probability of the hazard occurring can be represented by the cumulative probability of progressing through all elements in the pathway.  In this example, as with others relating to gene flow, the first element initial F1 hybrid formation.  It is significant that the second and third steps in the pathway (introgression and spread between populations) are elements shared by pathways leading to most other defined hazards caused by gene flow to wild relatives.  In all such cases, if the cumulative likelihood of reaching a particular stage in the pathway is deemed negligible (approximately zero) for any crop-location combination, then efforts should be directed to other combinations with a higher probability of occurrence. It should be remembered that introgression and spread are not inevitable after a single hybridisation (their probability is <1) and so it is important to first estimate the number of hybrids in a legislative region to generate a truly quantitative measure of exposure. It is equally important, however, to remember that error terms for each element of the pathway will accumulate such that the final assessment of the probability of hazard realization (probability of completing all steps) will almost inevitably possess wide confidence limits.  For this reason it is important to provide as accurate an estimate of the first element in the pathway as possible. There is another, more practical reason to start the risk assessment process by examining the first element of the exposure pathway (hybrid formation). Several workers have proposed strategies to reduce or eliminate hybrid formation between GM crops and  wild relatives. These include the enforcement of isolation distances (Waines and Hegde, 2003), the use of male sterile GM lines (Rosellini et. al. 2001), selection of ‘safe’ integration sites for a transgene (Metz et al.,1997; Tomiuk et al. 2000), transformation of the chloroplast (Daniell et.al. 1998) and the use of inducible promotor systems, popularly termed ‘terminator technology’ (Oliver et. al. 1999).  These approaches will vary dramatically in their a​[2]​bility to depress hybrid abundance.  A broad estimate of hybrid abundance in a legislative region over a given time period will therefore help define how effective such measures must be to prevent hybrid formation or to repress it sufficiently to prevent transgene spread.

Fig. 2. Hypothetical scheme representing the sequence of events where transgene movement into a wild relative leads to the extinction of a specialist parasite.

QUANTIFYING F1 HYBRID FORMATION ON A NATIONAL SCALE
Hybrid abundance is influenced largely by the strength of interspecific breeding barriers, proximity and context of contact between the crop and recipient, and on the capacity for long-range dispersal. These factors are predominantly independent of the transgene but vary between crop-recipient combinations, locations and geographic scales.  The most appropriate scale at which to describe hybrid distribution is the National scale as this is the magnitude at which legislation is levied.   For a given GM crop-nation combination, the first task is to identify and then crudely rank the possible candidates for hybridisation on the basis of ease of hybrid formation and recipient abundance. The highest-ranking and most common candidates (most likely to form hybrids) should be examined first.  In order​[3]​ to estimate total hybrid numbers in a country, it is vital to consider the context in which hybridisation is occurring. This may necessitate separate examination of different recipient population types. Most hybrids form at relatively low frequencies and so empirical measures of hybrid numbers may only be possible when crop and recipient populations are sympatric (i.e. co-occur).  It is probable that long-range hybridisation will need to be estimated separately using a modelling approach.  Thus, for most cases, the process of hybrid quantification will comprise of five steps:
1.	Identify and rank recipients
2.	Quantify local hybrid frequency during sympatry
3.	Determine the number of sympatric sites
4.	Estimate long-range hybrid numbers using a modelling approach
5.	Combine estimates to describe number and distribution of hybrids.

EXAMPLE: GM OILSEED RAPE IN THE UK
Identification and ranking of candidate recipients
Scheffler and Dale (1994) reviewed the possibility of hybridisation between cultivated B. napus and its wild relatives in the UK.  There were four species identified as capable of spontaneous interspecific hybridisation with the crop (Brassica rapa, B. juncea,  B. adpressa and Raphanus raphanistrum) in the UK and a further thirteen species where hybrids are formed when pollination is carried out manually. These were ranked according to the ease of hybrid formation, with the progenitor species B. rapa being ranked as most likely to generate hybrids. This assertion, coupled with the fact that B. rapa widespread in Britain (Preston et al., 2002) means that effort should first centre on characterising exposure in this species before progressing to others.

Compilation of national scale estimates of B. napus- B. rapa hybridisation
In order to estimate total hybrid abundance in the UK, we will first attempt to quantify local hybrid abundance and then to model long-range hybrid frequency. Local hybrid abundance can be estimated from empirical measures of hybrid frequency at sites of co-occurrence (sympatric hybridization rates) and the calculated number of sympatric sites. Long-range pollination cannot be measured empirically and so requires a modelling component. Elements are addressed separately.

1.	Local hybridisation rates
Brassica napus is a dibasic allotetraploid (2n=4x=38) and B. rapa is a diploid with 20 chromosomes, so that hybrids between them are almost always triploid (2n=3x=29) (Fig. 3).  This feature means that it is possible to screen through large stands of predominantly B. napus or B. rapa plants or seeds for the presence of triploid hybrid candidates.  Hybrid status can be confirmed by molecular analysis (Wilkinson et al., 2000). Local hybrid abundance over a geographic region is strongly influenced by the nature of contact between the crop and wild relative.    Brassica rapa occurs as stable wild populations along riverbanks or less often as an arable weed (usually of Brassica napus).  These contexts present contrasting opportunities for hybrid production and warrant separate examination. Populations of B. rapa occur only infrequently in the UK as a weed of arable crops.  The use of broad leaf herbicides provides good control of these populations in cereal crops but is ineffective in limiting numbers in oilseed rape.  This means that affected fields typically yield large populations of B. rapa only during years of oilseed rape production.  Clearly, it is at this time when the vast majority of hybrids are formed.  Several authors have estimated hybrid frequency in this environment usi​[4]​ng seed collected B. rapa weeds  (e.g. Jorgensen and Andersen, 1994; Metz et al. 1997).  The values generated provide a useful guide to the frequency of hybrid seed formation in a context where self-incomaptible B. rapa plants may be swamped by B. napus pollen. Not surprisingly, therefore, Jorgensen and Andersen (1994) recorded very high estimated hybrid seed frequencies of 9-93%, with a mean of 60%.  However, cognisance must be taken of the seed dormancy of B. rapa and hybrids before attempting to infer hybrid plant numbers from these figures.  Linder (1998) reported that B. rapa and B. rapa-B. napus hybrids differ in their seed dormancy, with the former exhibiting variable dormancy but the latter generally lacking any dormancy.  This means that hybrids will be over-represented in untreated seed samples from B. rapa plants. Variation in dormancy profiles also means that the relative abundance of hybrid seedlings to B. rapa seedlings will change with time.  Similarly, the relative abundance of hybrid plants could equally be influenced by factors such as variation in crop rotation and weed control practices or by differences between B. rapa and the hybrids in terms of fitness or seed longevity.  For these reasons, the most simple and robust approach for estimating hybrid numbers is by direct observation of hybrid plants in B. rapa populations during flowering. We are unaware of this sort of data in the literature but are in the process of compiling such direct estimates for UK material.  Local hybrid frequency in riverside B. rapa can be measured empirically using two approaches. The first estimates hybrid abundance among germinated seed samples collected from B. rapa plants in the year of co-occurrence with the crop.  Scott and Wilkinson (1998) used this approach to describe hybrid frequency in two riverside B. rapa populations growing beside commercial fields of B. napus. There were 15341 seeds sown and 8647 of these germinated.  The resultant offspring were screened by flow cytometry and ISSR analysis, and found to contain 46 hybrids. This approximates to 0.4% of the germinated seed in a population that was separated from the crop by 5m and 1.5% in a second population positioned only 1m from another field.  There are again problems with using these values to estimate the abundance of hybrid plants.  Firstly, these seed-based estimates do not take into consideration the apparent difference in dormancy between the hybrids (which lack genetic dormancy) and the B. rapa (which shows dormancy) (Linder, 1998). Indeed, if the viability of B. rapa and hybrid seeds matches those reported elsewhere (>90%, see Linder, 1998), then most of the ungerminated (B. rapa) seeds must be included in the percentage estimate of hybrid formation.  This reduces the above values from 0.4% and 1.5% given above to less than 0.25% and 0.9% respectively.  A second important limitation of seed-based estimates of gene flow is that the number of hybrid seeds produced by a plant need not necessarily relate to the number of hybrid plants that subsequently appear in the population.  This depends on the relative fitness of the hybrids relative to the B. rapa plants.  Finally, seed-based estimates collected from the recipient population fail to include hybrids originally formed on oilseed rape.  It can therefore be reckoned that direct measures of hybrid plant abundance represents the most appropriate measure of hybrid frequency.  Data of this kind is largely absent from the literature.  At the time of writing, the only direct estimate of hybrid plants amongst riverside B. rapa comes from the study of Wilkinson et al. (2000), where one hybrid was recovered from 505 plants screened from two populations in the year following sympatry.  Clearly, far larger samples are required to generate meaningful estimates.  We are currently in the process of assembling such an estimate.

2.	Frequency of co-occurrence
Here, there is the need to estimate the frequency of co-occurrence between crop and recipient populations.  This inevitably requires a structured surveying approach, coupled with a modelling component to allow extrapolation over the entire target area.  In this example, the modelling component is made simpler by the ecological restriction of this ecotype of B. rapa to the banks or rivers and canals. This means that co-occurrence is limited to sites where oilseed rape adjacent to waterways that contain B. rapa.  Location of fields of the crop can be determined directly using remote sensing technology (Davenport et al., 2000), with structured surveying and reference to the literature being used to model the distribution of B. rapa. Elliott et al. (2003 in this volume) provide further details on the strategy needed to compile a UK-based estimate of sympatry. 

Fig. 3. Region of highest likelihood of sympatry between oilseed rape and B. rapa in the UK
​[5]​
3.	Long range hybridisation
Hybrid numbers from long-range pollinations are determined by separation between crop and recipients, pollen dispersal characteristics and the relative competitiveness of oilseed rape and B. rapa pollen. The isolation of B. rapa plants from oilseed rape can be estimated by extrapolation from the observed distribution patterns of oilseed rape and B. rapa along the surveyed rivers.  We used remote sensing over a large area to determine to locations of oilseed rape fields that lie next to waterways. To this, we modelled the positions of B. rapa on all rivers on the basis of the observed distribution pattern for the species on rivers to establish the separation profile between oilseed rape and recipient plants (For more details, see Elliott et al. 2003 in this volume). Inference of gene flow deserves careful consideration. Commercial fields of oilseed rape can disperse pollen by wind or insect (Timmons et al.,1996) although the relative importance of each is still open to debate. There have been numerous works that describe the dispersal of pollen from oilseed rape fields (e.g. McCartney and Lacey ,1991; Timmons et al. 1995).  These works typically use empirical observations of airborne B. napus pollen densities to model pollen density decline with distance.  We re-examined data from a work published by Timmons et al. (1995) where pollen traps were placed at 0, 100, 360 and 2km from an isolated oilseed rape field. The relationship between pollen density and distance could be described crudely by the inverse power law relationship p =299.5 x [1/(20+d)0.6], where p is pollen density and d is distance (m), although the accuracy of this model is currently being refined. Combination of isolation profile data with the airborne pollen decay relationship allows estimation of the long-range wind-borne pollen delivery to B. rapa populations. Use of this value to calculate hybrid seed set relies on the relative competitiveness of oilseed rape pollen. This can be estimated empirically using hybrid frequencies observed over short distances where pollen densities are known.  However, this estimate ignores the possibility that insect-mediated gene flow may decline with distance in a dramatically different manner to wind-mediated dispersal.  This possibility could be tested by reference to the empirical landscape-scale measures of gene movement between GM and non-GM fields of oilseed rape performed in Australia by Rieger et al. (2002).  In the event that insect-mediated gene flow does severely diverge from air-born pollen dispersal curves, a modelling approach would then be advocated to describe the former.  Such models are currently unavailable, although Cresswell (2002) provides a useful start.

CONCLUSIONS
Risk assessment research is now entering a new phase in which attempts are being made to quantify exposure terms on a landscape and national level.  The ultimate aim of such works should be to provide a measure of the likelihood of hazard realization (i.e. of exposure to the hazard) together with confidence limits for the estimate. This is best achieved by considering elements of exposure as separate components of a sequential pathway. The eventual assessment of exposure would be represented as the cumulative probability of completing all exposure steps.  This has attractions in terms of the early elimination of hazards with very low exposures although thought must be given to the fact that error terms will accumulate as one progress through the pathway.  It follows that the first element of exposure (F1 hybrid abundance) should be as accurate as possible.  Nevertheless, even broad estimates of hybrid number on a national scale have the additional value for establishing efficacy requirements of any measure that seeks to prevent hybrid formation. In this chapter, we have sought to highlight some of the logistical difficulties in calculating meaningful estimates of hybrid number on a national scale using gene flow from oilseed rape to wild B. rapa as an example. Estimation of total hybrid numbers between GM B. napus and riverbank B. rapa requires detailed information on the dis​[6]​tribution of both parents, empirical estimates of hybrid formation at a local scale and realistic models to describe the rates of hybridisation over large distances.  Data is currently in the process of being assembled to estimate the frequency of hybrids when B. napus and riverside B. rapa co-occur, and on the abundance of such sites. These data allow for a UK-wide estimate of hybrids formed by ‘local’ gene flow, with early estimates indicating annual numbers in the order of tens of thousands of hybrids per annum.  Long-range gene flow estimates are also in progress and are based on the separation profiles of both parental populations and on the relationship describing decay in pollen delivery from source with distance.  This relationship is currently only being modelled on the basis of wind-mediated pollen.  Should this relationship fail to match empirical data on gene flow between fields, effort will then focus on modelling insect and wind dispersal in concert. On the basis of provisional numbers generated, it is already clear that measures that reduce hybrid frequency by less than 0.0001 would be insufficient to prevent hybrid formation altogether although such measures would obviously repress hybrid abundance and so reduce the probability of introgression and spread.  This finding has direct implications for assessing the feasibility of strategies proposed to prevent the movement of transgenes considered likely to enhance recipient fitness. 
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